. The relation between organism mass (M) and metabolic rate (R) is nonlinear and usually described by a power-law fimction: R = aM", where a is termed the mass coefficient and b the mass exponent (2). The nature of the allometric relation between metabolic rate and body size in homeotherms has been intensively examined (3). Many explanations for the clus-10. J. Marra and J. Israelachvili, Methods Enzymol. 127, 353 (1986 Plots of Sh (ordinate) -Re (abscissa) yield information on the degree to which water motion affects mass transfer (11). The relation is often expressed as a power law (Sh = cRed). Flow-size exponents (d) range from 0.5, for mass transfer through a laminar boundary layer, to greater than 0.8, for transfer through a turbulent boundary layer (11). This mode of analysis has been infrequently applied to aquatic organisms, but flow exponents consistent with both laminar and turbulent boundary layer transfer have been observed for cnidarians (9). Because organism size affects Re, and Re affects metabolic rate (disguised as Sh), it is possible to examine the consequences of size in aquatic organisms where this sort of physicochemical regulation of metabolic rate obtains (Fig. 1) .
T HE RELATION BETWEEN BODY SIZE
and metabolic rate in organisms is a subject of great interest to physiologists and ecologists because many organisms increase in size by one to several orders of magnitude during ontogeny, and life on Earth spans 19 orders of magnitude in mass (1) . The relation between organism mass (M) and metabolic rate (R) is nonlinear and usually described by a power-law fimction: R = aM", where a is termed the mass coefficient and b the mass exponent (2) . The nature of the allometric relation between metabolic rate and body size in homeotherms has been intensively examined (3 Many lower aquatic organisms have been shown to be sensitive to the rate of fluid mixing near their exchange surfaces (7) . Such organisms are usually oxyconformers that lack mechanisms for active ventilation 13 MARCH 1992 of exchange surfaces. They are dependent on diffusion through a boundary layer (8) Plots of Sh (ordinate) -Re (abscissa) yield information on the degree to which water motion affects mass transfer (11) . The relation is often expressed as a power law (Sh = cRed). Flow-size exponents (d) range from 0.5, for mass transfer through a laminar boundary layer, to greater than 0.8, for transfer through a turbulent boundary layer (11) . This mode of analysis has been infrequently applied to aquatic organisms, but flow exponents consistent with both laminar and turbulent boundary layer transfer have been observed for cnidarians (9) . Because organism size affects Re, and Re affects metabolic rate (disguised as Sh), it is possible to examine the consequences of size in aquatic organisms where this sort of physicochemical regulation of metabolic rate obtains (Fig. 1) .
I made theoretical predictions ofmetabolic scaling for organisms possessing some simple geometries of uptake surface (flat plate, sphere, and cylinder) subject to assumptions of laminar or turbulent flow in the organismic boundary layer ( Chemical engineering theory can be used in accounting for the broad range of metabolic scaling exponents found in some aquatic invertebrates and algae. Delivery of metabolically important compounds to these organisms occurs by diffusion through a boundary layer. Dimensionless relations (Sherwood-Reynolds number functions) demonstrate the degree to which water motion and organism size affect mass transfer, and ultimately, metabolic rate. Derivation of mass exponents in the range 0.31 to 1.25 for simple geometries such as plates, spheres, and cylinders directly follows from knowledge of the Sherwood-Reynolds number relations. The range of exponents predicted is that found by allometric studies of metabolic rate in these organisms. the result gives the mass exponent (b) relating biomass (M) to metabolic rate [R (13) ].
The characteristic dimension, W, was taken to be equal to the height normal to the substrate, diameter, and length of right cylindrical, spherical, and plate-like organisms, respectively. Biomass (M) was assumed proportional to biovolume (14) . For all geometries, flow-size scaling exponents (d) were assumed equal to 0.5 for laminar flow and 0.8 for turbulent flow. In addition, for turbulent flow, a third calculation was made assuming that the organism projected a substantial depth into a logarithmic benthic boundary layer (15) .
Note that laminar flow results in smaller 104 A 103
values for the mass exponent compared to turbulent flow, except for plate-like geometries. The greatest mass exponent is obtained for organisms assumed large enough to project appreciably in the substrate's logarithmic boundary layer. Organism shape and flow regime thus have a direct effect on the value of mass exponents obtained. It is intriguing that the range of mass exponents presented in Table 1 encompasses the range predicted by this chemical engineering approach (Table 2) . At present, data necessary for a direct test of the theory exist only for two species of cnidarians. For Alcyonium siderium, an octocoral, the predicted value of the mass 1422 exponent is 0.69 based on data in (7); the observed value is 0.88 (Table 1) . For the sea anemone, Metridium senile, the predicted value is 0.73 to 1.02 based on data in (7); the observed range is similar (Table 1) . Almost all mass exponents in the literature for aquatic invertebrates and algae were calculated from experiments where the degree of water motion was not quantified, and thus it is difficult to make specific assessments about how well this theory predicts mass exponents for a specific taxon. However, these results signify that given the physicochemical limitations of extracting metabolites from moving water, one should not expect mass exponents for these organisms to cluster around a specific value. The Sh/Re relations can be readily calculated if the degree of water motion in a metabolic chamber is quantified along with the absolute metabolite concentration and organism size (10) . Dimensional analysis of mass transfer to aquatic invertebrates and algae provides a powerful alternative to traditional allometric methods in our study was to determine whether hypoxia-induced hypothermia can occur in an organism without a nervous system (for example, the protozoan Paramecium caudatum) and whether the response would enhance survival. Two specific hypotheses were tested: (i) Hypoxia causes paramecia to select a lower temperature in a thermal gradient. (ii) Survival of hypoxic paramecia is increased at lower temperatures.
To 
